We present herein a method for the acoustic translation of solid particles of waterlike density in air, by employing a single transducer and controlling the pressure field through regulation of the distance between the reflector and the radiating plate. The levitation and translation of polystyrene particles over a length of 37 mm ͑approximately 37 particle diameters͒ were experimentally demonstrated, numerically modeled, and explained. The results of the model show quantitatively how the acoustic pressure distribution inside the levitator chamber and the position of the potential nodes depend on the distance between reflector and radiating plate when the plate is driven in a flexural resonance mode. This phenomenon significantly extends the range of applications of acoustic levitation.
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Acoustic levitation
1-3 is a versatile method for in stillo 4 investigations of specific material properties which require an adequate physical environment. Elimination of contamination and friction, the possibility to trap solids, 5 liquids, [5] [6] [7] and heavy gasses, 8 sample cost reduction due to handling of small amounts, and versatility with other instrumentation 4 are important advantages of acoustic levitation. Up to date, acoustic levitation in air has been mostly used to trap particles. In single-axis acoustic levitators, particles are entrapped at pressure nodes of the standing wave established between a radiating plate and a reflector. Several parametric studies of a single-axis acoustic levitator have been performed by Xie and Wei. 5, [9] [10] [11] [12] [13] [14] Controlled translation of levitated particles could significantly extend the application field of acoustic levitation. Movement of levitated particles requires high stability of the levitation field, and therefore, high levitation force. Since the force required for levitation is proportional to the density difference between the levitated object and the surrounding medium, 5 levitation and transport of heavier particles in liquids and lighter particles in air are easier to realize. A method for flow-free transport of biological cells by frequencymodulated ultrasonic actuation in a microfluidic chip was reported in. 15 Kozuka et al. 16 reported a line-focused levitator operating in water for transport of microparticles; in another study performed in air, 17 expanded polystyrene particles were transported by varying the phase shift between two crossing sound-beams.
In this letter, we present, explain and demonstrate an acoustic levitation concept, which combines stable levitation and transportation of particles of density approximately 1000 times higher than that of their surrounding gas ͑ϳ1 g/ cm 3 versus ϳ10 −3 g / cm 3 ͒ paving the way for methodologies to perform complex and demanding processes. The physics behind this concept was investigated through both experiment and three-dimensional ͑3D͒ numerical modeling.
The levitation setup consisted of a magnetostrictive transducer, an aluminum radiating plate and a PMMA reflector as shown in Fig. 1͑a͒ . The levitator was operated in air at the second resonance frequency of the radiating plate/ transducer system ͑f res = 25.07 kHz͒. The width, length, and thickness of the radiating plate were W = 19 mm, L = 50 mm, and 3 mm, respectively. The shape of the reflector was cylindrical with a length of 50 mm and a radius of R 0 = 16.6 mm based on the parametric study reported in Ref. 9 . The distance H between reflector and radiating plate was adjusted via a micrometer screw ͑10 m precision͒. Polystyrene particles ͑1 mm diameter, 1.06 g / cm 3 density͒ were used for all levitation experiments. Videos ͑see Ref. 19͒ of the levitation experiments were acquired with a CCD camera and processed using an in-house MATLAB code.
Acoustic levitation is generated by a nonlinear effect of the acoustic field, the radiation pressure. 2 An efficient analytical solution to this problem was reported by Gor'kov 18 who introduced a time-averaged potential ͑U͒ based on the rms values of pressure ͑p͒ and velocity ͑v͒ of the acoustic field,
where R s is the particle radius, f is the fluid density, and c is the sound speed. A nondimensional form of Eq. ͑1͒ was used in this work, as follows:
a͒ Author to whom correspondence should be addressed. 
where v 0 represents the highest velocity of the radiating plate at the two extremities. The levitation force acting on a small sphere is obtained from
One of the assumptions of Gor'kov's theory is that the particle size is much smaller than the acoustic wavelength ͑R s / Ͻ0.1͒. 14 This assumption is held for the present case ͑R s / = 0.036͒.
In this work, we have applied the Gor'kov's theory to our acoustic translation system and compared the results with the experiments. The simulations were carried out using the commercial software ANSYS FLUENT 6.3.26. The NavierStokes equations for a compressible, laminar flow were solved in a 3D domain. The flexural movement of the radiating plate at f res was investigated with a laser scanning vibrometer. This vibration mode was qualitatively confirmed by a 3D finite element harmonic analysis of the radiating plate ͑simulation was carried out using the FEA software ABAQUS 6.9-1͒ and is shown in Fig. 1͑b͒ . Finally the radiating plate movement was implemented as a moving wall boundary condition.
By varying H within the range H / = 0.539 to 0.651 for which levitation was experimentally observed, three different potential node zones, A, B, and C, were defined by the numerical model ͑Fig. 2͒. In zone A, two lateral nodes were formed ͓Fig. 2͑a͔͒. As H was increased, two nodes elongated and formed one long node at H / = 0.553. In zone B, one node in the middle of the domain was formed ͓Fig. 2͑b͔͒. From zone A to B, a sudden transition was observed by only a 50 m ͑0.0036͒ increase in H. The experiments showed instability ͑i.e., oscillating levitation point͒ during this transition. This could be due to the presence of an elongated node at this height, with a flat potential from x / L = 0.2 to 0.8, which allows multiple levitation sites. The transition heights between zones A to B ͑H / = 0.554͒ and between zones B to C ͑H / = 0.565͒ showed two weak lateral nodes. However, they were weaker than the minimum potential needed to levitate particles. Therefore, these two heights were considered to be in zone B. In zone C ͑C u and C d ͒, three nodes were formed ͓Figs. 2͑c͒ and 2͑d͔͒. The resonance height of the levitator was found at H / = 0.601. By further increase of H ͑zone C d ͒, the potential intensity decreased. The potential values at H / = 0.539 and H / = 0.651 were comparable ͑about 14% difference͒.
Using the experimental setup, acoustically induced translation of particles along the x-axis was verified. Figure 3 shows three different particle trajectories along the x-axis ͑filled symbols͒ for H / from 0.539 to 0.651 along with the position of the predicted Gor'kov potential minima obtained from the simulation ͑empty squares͒. For each of the three experiments the particle was introduced in the levitation field at the resonance height ͑H / = 0.601͒ in zone C as indicated by arrows and remained levitated along the entire trajectory. The predicted levitation zones A-C were in good agreement with the experimental results. The particle was set into orbit around the vertical axis when levitated at x / L = 0.5 slightly below the acoustic resonance height of the levitation cham- ber and can be observed in the movie in the Ref. 19 .
At the transition from zone C to zone B the particles in the lateral levitation nodes ͑circles and triangles͒ were rapidly translated to the middle position traveling a distance of x / L = 0.38 ͑19 times of particle diameter͒. Below H / = 0.553 ͑zone A͒ the levitation was only possible at x / L Ͻ 0.5, presumably due to asymmetries of the setup. In fact, if the radiating plate was slightly tilted ͑H at x = 0 shorter than H at x = L͒, the particle levitation occurred only at x / L Ͼ 0.5 in zone A. In levitation zone C no significant changes in particle position were found between the single-particle levitation measurements and experiments where three particles were levitated simultaneously, one at each node ͑not shown for brevity͒.
Both the numerical and experimental results show the presence of three levitation zones ͑one-node, two-node, and three-node zones͒ as a function of H / in the range from 0.539 to 0.651. In the following, we attempt to explain why varying H creates different potential node configurations inside the levitation chamber. The edges of the radiating plate vibrate with a much higher amplitude than the middle part ͓8.3 m versus 1.2 m, Fig. 1͑b͔͒ , which makes it possible to neglect the contribution of the central part in the potential node configuration. When H is smaller than the resonance height ͑zone A͒, the interactions of the incident and reflected waves from the edges of the plate affect the potential node configuration mainly on the corresponding sides and produce two separated potential nodes ͓Fig. 2͑a͔͒. By increasing H, the reflected waves are mainly focused at the center of the radiating plate ͑zone B͒. This "focusing" yields in the A-B transition region ͑H / = 0.554͒, an elongated potential node before merging into one single node. By further increasing H, the reflected waves from the sides give not only a contribution at the center, but also at the opposite sides, initiating two additional nodes at the sides of the radiating plate ͑zone C͒. A ray tracing model that supports the above physical explanation has been provided in the Ref. 19 .
It can be inferred that the flexural movement of the radiating plate along with the finite dimensions of the radiating plate and reflector play an essential role in creating specific potential patterns in our acoustic translation system. This aspect should be considered for the design of such devices.
In conclusion, a counter-intuitive concept for simultaneous contactless acoustic levitation and translation of solid particles of waterlike density in air was investigated through both experiment and 3D simulation. By employing a single transducer to drive a flexural plate and by controlling the distance between the reflector and the radiating plate, rapid transportation of particles over a length of up to 37 mm ͑from zone C to zone A͒ was achieved. Numerical predictions of the position of the potential nodes along the translation direction over a range of distances H between the reflector and the radiating plate were found to be in good agreement with the experimental results. Depending on H, three stable levitation regions with one, two or three potential nodes were identified. It was also shown that Gor'kov potential is a useful tool for studying and design of acoustic levitation chambers of any shape. Particle transportation by varying H was attributed to the potential node splitting and merging due to the flexural movement of the radiating plate and the finite dimensions of the radiating plate and the reflector. This method paves the way to more versatile levitation devices that extend the accessible range of contactless analysis.
